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ABSTRACT
This thesis describes the design, construction, and
application of an analog control system for the temperature
control of an expansion cloud chamber.

During the expan-

sian, the sample . gas and the chamber walls are cooled at
the same rate so as to maintain adiabaticity.

The control

system measures the wall temperature with transistor temperature sensors, calculates the . gas temperature from the gas
pressure using the adiabatic gas law, and generates a control signal proportional to their difference.

The control

precision is sufficient to allow the chamber to be used in
the study of atmospheric phenomena.
The chamber is a ten-sided right prism, 61 centimeters
high and 48 centimeters in diameter.

It has a sensitive

volume of 0.11 meters cubed and an inner wall surface of
1.3 meters squared which is cooled by 844 thermoelectric
units imbedded between the inner wall and heat sink.

The

heat sink is thermostated by liquid coolant that carries
away the heat transferred out of the chamber by the thermoelectric units.

The maximum power transfer is 40 kilowatts

and the maximum rate of cooling is 1.3 0 C per second.

The

preliminary experiments, however, will be run at a rate of

O.OOS°C per second.

The large amount of thermoelectrics

are needed to decrease the temperature . gradient on the
chamber's inner walls.

The large amount of powe.r will be

needed for later, more dynamic atmospheric phenomena.
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Since the primary objective of the Cloud Simulation
Chamber is to have adiabatic expansions, the gas temperature and the wall temperature must be the same.

Special

efforts were made to control these temperatures within the
allowable difference of a few millidegrees Kelvin for the
expected expansion.
It is hoped that this thesis will serve as a reference
which will insure the future continuity of the Cloud Simulation Chamber.
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I.
A.

INTRODUCTION

The Importance of Atmospheric Process Study
Within the last few years man has become increasingly

concerned with the effect of his technology on the environment in which he must live.

Although there are differing

opinions on how immediate man's threat to his environment
must be, most agree that the survival of man depends on his
ability to understand and control atmospheric processes so
that the atmosphere does not become incapable of supporting
life.
While many of the phenomena caused by pollution of the
atmosphere have been recognized, the long-term effects of
these phenomena are not yet known.

In order to control

the effects of technology on the climate, the weather itself
must be controlled to a certain extent.

However, before

man can control the weather, he must understand the basic
processes of climatic changes.

At the present, scientists

do not know the precise requirements for certain types of
weather.

However, they feel that particles play a vital

role in droplet formation and growth.

There is considera-

ble evidence to support the view that introduction of
foreign materials into the air alters rainfall patterns.
Droplet formation in the presence and absence of foreign
particles, and the molecular arrangement of water molecules
in such droplets are extremely complex questions which must
be answered for a thorough understanding of rain.

Much

more information is needed about the interaction of water
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on the molecular level.

These processes are difficult to

study when and where they occur naturally because of the
uncontrolled parameters.
The basic philosophy behind experimentation in the
laboratory versus field atmospheric studies is "control".
Atmospheric effects are functions of many variables.

These

variables or parameters are always interreacting to produce
the phenomena called weather.

Studying these effects in

the environment consists of an endless data acquisition
and comparison process.

The comparison techniques consist

of matching parameters, such as pressure, temperature and
density, and then, through systematic correlation, statements may be constructed to generalize these findings.
The problem thus is to find enough of the parameters in
agreement to say something about the dissimilar ones.
However, if a device could simulate the actions of the
atmosphere:

pressure, temperature, density and chemistry,

then all the definable parameters could be monitored, and
by controlling or changing one of these parameters at a
time, the influence upon the others would be directly
known.

A cloud chamber is capable of controlling the above

variables and can therefore answer those questions about
the processes of the early stages of cloud formation and
the effects of airborne particles on these processes.
B.

Previous Work Done in the Field
Attention was first drawn to the necessity of nuclei

being present, upon which drops of liquid form, before
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condensation will take place in a supersaturated vapor, by
the researches of Coulier and Aitken in the late 1800's 1 .
They showed that the cloud formed in damp air following
slight supersaturation, was made more dense in the presence
of combustion products, i.e., small particles, and was
reduced by filtering the air through cotton-wool or by
repeated cloud formation in an enclosed gas volume.

The

nuclei of this condensation are dust particles, some visible in an intense beam of light, many invisible but all
capable of being removed from an enclosed mass of gas.

The

resulting clean gas will sustain a considerable adiabatic
expansion without drop formation in the body of the gas.
The first simple expansion chamber, built in France in
1875 by Coulier 1 , consisted of a flask with air and water
in it and a hollow rubber ball attached to its mouth.

To

operate his "chamber" Coulier compressed the rubber ball,
conducted the heat of compression away, and released the
ball.

The resulting expansion created a cloud of small

droplets.
Another early experimentalist in cloud chamber develop1
ment was Aitken who produced supersaturation by blowing
steam into a large vessel containing the gas to be tested.
Later he showed that filtered air was not effective in promoting condensation and that enclosed air might be cleaned
by a succession of cloud forming expansions in which the
drops formed were allowed to fall to the bottom of the containing _vessel.

Aitken constructed apparatus for measuring
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the number of dust particles capable of acting as nuclei of

condensation in samples of air, and undertook an extensive
survey of the dust content of natural air.
C. T. R. Wilson 1 further developed the expansion cloud
chamber and used it for the study of cosmic particles.
However, it was not until the work of Dr. James L. Kassner,
Jr. 2 at the Graduate Center for Cloud Physics Research,
University of Missouri - Rolla, that the expansion type
Wilson Cloud Chamber became sophisticated enough to perform
meaningful atmospheric process experiments.

The high state

of development of the cloud chamber is due to Dr. Kassner's
work in the field of heat transfer and temperature control
of the chamber, as well as, the technique developed for
controlling the expansion of the chamber and for the data
3
acquisition techniques
He is also responsible for developing the first and presently the only cloud simulation
chamber which utilizes thermoelectric modules to cool the
inner walls.
The University of Missouri - Rolla Cloud Simulation
Facility consists of a cooled wall expansion cloud chamber
(Fig. 1) supported by an extensive array of peripheral
equipment for preconditioning the air, precision humidification, temperature regulation of the air, generation and
characterization of aerosols, determination of droplet
growth rates and size distributions using Doppler laser
scattering techniques.
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It is evident by the chamber developed by Dr. Kassner
that today's cloud chambers are much more precise and
elaborate than Coulier's, Aitken's or Wilson's, but their
basic operation is the same.

To understand the need for

a temperature controlled expansion chamber, one must first
understand the operation of contemporary expansion chambers.
C.

Typical Expansion Chamber Construction and Operation
Expansion chamber

des~gns

may vary somewhat, but a

typical design will be used here to illustrate the construction and operation.
Like Coulier's device, any expansion chamber must
have some means of varying the pressure within the chamber.
The layout of the expansion chamber (Fig. 2) will aid in
visualizing the common method of varying pressures.
As shown in the diagram, there are two lines serving
the chamber, a high pressure line, and a vacuum line.
These lines are vented through valves to the underside of
a piston which is free to move up or down, but will not
pass air from the lower chamber to the upper.

Each air

line is controlled by two valves; one is opened by a solenoid and one is servo-controlled.
have a fast response.

The solenoid valves

Thus, when the fast expansion valve

opens, the lower chamber is rapidly evacuated, and the
pressure above the piston pushes it down immediately.
This gives the rapid expansion in the top chamber which is
the basis for chamber operation.

The fast expansion valve

is normally open for only a short period of time, after
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which the pressure is controlled by the servovalves which
will maintain a desired pressure in the top chamber.
The valves to the top chamber allow one to purge the
chamber and bring in a new sample for an expansion.

The

walls of the upper chamber are often glass to allow observation and to provide low thermal conductivity.

The need

for low thermal conductivity on the walls of the upper
chamber becomes obvious when the thermodynamics of chamber
operation are considered.
The first law of thermodynamics states that for a
closed system, such as an expansion chamber, the heat added
equals the change in internal energy of the substance plus
the

work output.

In the expansion chamber, we assume that

no heat is added or withdrawn so that an adiabatic condition
exists.

The temperature change can be found in terms of

the pressure change caused by an expansion if the initial
pressure and temperature are known.
D.

Undesirable Features of Typical Expansion Chambers
There is a flaw in expansion chambers which limits

their usefulness.

The entire operation is based on zero

heat flow into the chamber.
only a fraction of a second.

This assumption is true for
Thus, the expansions must

be very rapid, and there is little time to observe the
results.

Immediately after the expansion, heat begins

flowing in from the chamber walls.

This is due to the very

large heat capacity of the walls compared to the very small
heat capacity of the gas inside the chamber.

This heat
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prevents the walls from

cooli~g

by any significant amount

as heat flows into the chamber during and after the expansion.

The heat conducted to the gas adjacent to the walls

causes this boundary layer to expand, compressing the
interior of the chamber.

The desired expansion rate is

counteracted by this compressive effect due to the gaswalls interface heat transfer.

When the expansion is ter-

minated, this compressive effect counteracts the supersaturation created by the fast expansion.

Therefore, an

expansion-type cloud chamber has an inherently short natural
experimental duration.

When this heat transfer happens,

the pressure-temperature relationships no longer hold, and
the chamber supersaturation cannot be determined.
The need for a modification of the expansion chamber
is now obvious.

This modification is being made with the

temperature controlled simulation chamber.
E.

Advantages of the Cloud Simulation Chamber
The primary advantage of the Cloud Simulation Chamber

over other expansion chambers is it's ability to perform a
reasonably long adiabatic expansion.

The control precision

of this system is sufficient to allow the chamber to be
used in the study of atmospheric phenomena.
The principal advantage of a relatively small chamber
is that in a smaller apparatus it is much easier to obtain
spatial homogeneity of temperature and aerosol content.
Moreover, the size facilitates easy access for the application of complex measuring techniques.

This is important
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in attempting to assess nucleation characteristics of
aerosols and the kind of correlation one can obtain between
the

reasured nuclei characteristics and the nature of the

cloud that results when these nuclei are subjected to a
given lapse rate in the cloud formation process.
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II.
A.

CONTROL SYSTEM DESIGN

The Reasons for Selecting a Step Motor
Since the expansion systems speed had to range over

three to four orders of magnitude, 0.01 revolutions per
second to 10 revolutions per second to achieve the expansion rates required for interesting scientific experiments,
a direct current shunt wound motors was not acceptable
because such a motor can only operate over two orders of
magnitude.

An additional problem of the de shunt motor is

the delay time or dead time which is it's bigger drawback
because this lag time would be the resolution of the system.
A pair of shunt motors was tried in a differential-mechaniL

cal set-up whose output shaft was the difference of the
speeds of the two motors.

This pair of motors which was

intended to drive the expansion mechanism was implemented
and the findings were that the output shaft's speed was the
difference between the two motors driving the other two
shafts.

However, since it was easier, less resistive torque,

for one motor to drive the other than for the motor to
drive the higher resistive torque of the output shaft, the
expansion mechanism stayed stationary.

After evaluating

the problem of finding a device to drive the expansion
mechanism, two basic alternatives were derived.
alternatives were:

These two

to devise a negative torque control-

system for this system or to relax some of the requirements and choose a different driving method.

The latter

was chosen because the · system was impairing the progress
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of the Cloud Simulation Chamber and, therefore, expendency
was the key factor.

The only unit that had the starting

torque and ease of implementation was a step motor.

A step

motor is an electromagnetic incremental actuator which converts digital pulse inputs to analog output shaft motion 4 .
This motor is not normally used on closed-system-controlling because it does not have the high speed requirements
needed to decrease the speed to position lag errors which
most other systems require.

However, the step motor was

chosen over other typical control-drive devices because it
is only necessary for the system to follow ramp-forcing
functions.

Although the speed limitations of the step

motor limit the faster expansion rate, the shaft of the
stepper can be driven well beyond the existing limits with
the aid of a cross-over-drive system consisting of a timing
belt and direct current motor.
It was now evident that the step motor could render
the Cloud Simulation Chamber operational.

Therefore, time

could be given either to the differential control problem
or the cross-over-drive system without hindering the initial
chamber experiments.
B.

Commercial Component Selection
The maximum torque of the motor was experimentally

found to be 55 ounce-inches.

The limitations of economic

and time restraints warranted an approximate $200.00 purchase which included a Superior Electric Slo-Sym step
motor, model M063-FD09, and its appropriate translator
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driving system, model STM-1800C.

The motor had a 60 ounce-

inches torque at approximately 500 revolutions per minute,
which was a compromising factor because the original plans
called for 600 revolutions per minute.
The motor and translator were purchased and installed
with minimum effort and time, less than one week.
resolution of the system

0.15~

The

was better than required,

therefore, step-up . gears could be utilized so that the
system would cover the originally required region.

The

resolution of the system was based on the minimum resolution rotation of the step motor of 1/200 of a revolution
and the . gearing of 0.5625 and the 10 inch lead screw with
40 threads per inch driving the piston, which was the final
control device that changes the pressure in the chamber.
Driving the step motor through the translator required
a train of pulses with each pulse advancing the motor 1/200
of a revolution (or 1.8°).

The transfer of an analog

voltage to pulses was performed by a Teledyne Philbrick,
model 4701, voltage-to-frequency converter commonly known
as a V.C.O ..

The transfer function of the V.C.O. is:

v.

Frequencyout=lO,OOO HZ( 10 ~~lts)

( 1)

where:
V. is in volts
1n
and
0.01 volts

<

v.1n

<

15 volts

This relationship did not hold beyond these voltages, but
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calculations showed that the range of frequency, required
for the step motor to have the desired resolution and
acceleration, was such that 0.02 volts < V.ln -< 1.8 volts.
The step motor nominal operating frequency will be 450 Hz
which relates to an V.ln of 0.45 volts.
C.
Choice of Pressure Transducer and Conditioning System
A differential pressure transducer, was needed which
had one port available for a reference.
A Ruska Gas Piston Gage

dead-weight secondary standard,

model 2465-751, was used as the variable pressure reference.
In Figure 3 the basic dead-weight concept of applying a
force to a piston of known area to produce a calculable
pressure, i.e., pressure

= force per unit area, is illustra-

ted.
A variable pressure reference was necessary because
the experiments would start at atmospheric pressure, which
could vary from experiment to experiment and because of the
high resolution and small range of the transducer.

The

first pressure transducer examined was a Kaman model 2000
oscillator-demodulator.

This transducer had the proper

range and resolution but its drift with time and temperature made it a poor choice.
duce~

Next an excess property trans-

received from the National Science Foundation,

Stathan Transducer, model PL80TC, was examined with exceptional results.

The 0 to SO millimeter of Hg transducer

gave one millivolt per millimeter sensitivity and better
than measureable linearity and time drift.

A Texas
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Fig. 3.

----------)>~ Pressure

Simplified Dead Weight Gauge
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Instrument, model 1775 with a 0 to 5 psia range, was used
for this preliminary testing.

The Statham was powered by

a modified System Research Corporation's model 3564, power
supply which was stable and exhibited 0.1 picofarad line
isolation.

The output of the pressure transducer was

amplified by an Ectron, model 2000, high common-mode rejection differential amplifier set at a . gain of 200.

These

values were chosen because the normal maximum expansion,
of 23 millimeters, caused the amplifierk output to go from
11.6 volts to 7.0 volts.

This was a very acceptable volt-

age range as well as magnitudes which would work well with
integrated circuits.

These requirements were necessary

because the pressure signal would be converted to temperature via the adiabatic gas law using an analog transfer
function.
D.

Development and Design of Pressure-To-Temperature
Conversion Circuit
After the acceptable pressure transducer and condition-

ing system were calibrated, using two dead-weight secondary
standards, the most difficult part of the system was approached.

As stated in the introduction, no physical device,

thermocouple or thermistor, accurately measured the temperature of the gas in the chamber.

Therefore, as long as the

gas and wall were the same temperature and no condensation
occurred, the adiabatic thermodynamic gas law could well
apply as shown in the equation below:

T

g

= T (P/P
0

)(y-l)/y
0

(2)
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where Tg, temperature of the gas at any time, and T0

the

,

initial temperature of the gas, are both in degrees Kelvin.
P is the pressure as given by the pressure transducer at
any time while P

0

is the initial pressure.

The symbol,

y, represents the ratio of the specific heat at constant

pressure to the specific heat at constant volume for the
gas in the chamber and will be constant for any one
experiment.
Equation 2 could be implemented by using logarithmic
amplifiers in a number of ways on an analog computer and
comparing the results to the desired specifications. This
was done mathematically by comparing the errors of each
element to the allowable error of +0.15% over the expected
range.

All the circuits shared the problem of too great an

error.

Even with sufficient funds, the error requirement

could not be met. The equation was then expanded in a Taylor's
series in terms of V, voltage from the pressure transducer,
and by utilizing the 360 IBM Computer, the length of the
series was examined.

The computer's readout consisted of

a least-squares fit of Equation 2:

compared to a two,

then a three and finally a four term Taylor series.
results were

The

fuat the two term series gave a maximum error

of +.013°C which over the expected 1.5°C expansion range
was an error of
mum error of

~0.87%;

~0.153%,

+0.133% error.

the three term series gave a maxi-

while the four term series gave a

The Taylor expansion and the error above

were due solely to the mathematical fit.

The adiabatic gas
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law pressure term could be written as a function of the
amplified pressure transducer voltage V:
The apparent solution to

decreasi~g

Equation 3.

the error between

Equation 1 and the Taylor Series was to add more terms
to the Taylor Series.

However, in adding more terms the

accuracy gain in the mathematical fit was offset by the
increase in error contributed by the additional electronic
circuitry required to simulate the additional terms shown
in the Taylor Series equation below:

(P/P )(y-l)/y = 1- X (V-V )-X (V-V ) 2

1
0
2
0
where 0.238 is a typical value of (y-1)/y and where V
0

0

(3)

is

the initial pressure transducer voltage, i.e., the voltage
corresponding to P

0

.

x1

x2

and

are fit coefficients result-

ing from doing the computer least squares fit on Equation
3 using the transducer calibration data.
of P , V
0

0

They are functions

and y.

Combining Equations 1 and 2:
Tg-To
where: T

.g

and T

0

2

= -VB-R 1 V-(R 2V) /10

(4)

are in degrees Kelvin

coefficient VB

=

T V (V
0

0

0

x2 -X 1 )

coefficient R
1
coefficient R2

= llOT X
0

2

2
(R v) /10 because this is the transfer function for a
2
multiplier squaring circuit.

It squares the input voltage

R V, and divides it by ten so that up to 10 volts can be
2
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placed on its input with no over-load on the output.
Usi~g

Vw

=

Tw - T0

,

and

combini~g

it with Equation 4,

results in the following equation:
(5)

Equation 5 gives the error signal to drive the expansion
system, i.e., temperature of the gas minus the temperature
of the wall.
The Taylor expansion of the adiabatic gas law was
written in a number of ways and a circuit was drawn and
evaluated for accuracy and ease of calibration in each
case.

The circuit (Fig. 4) was chosen because it minimized

circuit noise and error.

This analysis was performed by

adding the errors of non-linearity, gain, noise, and
resistor mismatching.
could

re

tolerated.

The results showed a few millivolts
The

~A741

was chosen as the amplifier,

to be used throughout the circuit.

If only a few tenths of

millivolts could be tolerated, then the cost of (Fig. 4)
circuit would mve gone from $25.00 to $500.00.

This cost

increase would be due solely to the amplifier and multiplier
specification improvement.
The limits of the circuit (Fig. 2) are solely attributed to the amplifiers because the resistors in the summing
network are wirewound, 10 parts per million temperature
coefficient, and are resistively matched to 0.01% by a
Fluke model 8300A digital multimeter.
The values of VB, R1 , and R2 depend upon the initial
conditions of the experiment, i.e., T

0

,

P

0

,

andy, and upon
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Motorola MC 14 95
Multiplier:
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Fig. 4. Wall-Gas Temperature Control Circuit.
Circled Numbers Indicate Points at Which Voltage Readings May Be Taken.
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the amplifier . gains in the circuit.

Limits were defined

for the anticipated range of values for the initial condition variables.

Using these ranges, the amplifier gains

were set so that R1 's maximum value was 0.95 (minimum
value .839) while R2 remained in the range 0.1 to 1
(0.136

2 R2 2

0.151).

ranges required:

Keeping R1 and R2 within the above

the pressure signal bridge-amplifier to

operate at a gain of 200, and the summing amplifier on the
transistor thermometer circuit to operate at a gain of 15.15,
causing temperatures to be given in units of 1.515 volts
per

0

C for the temperature signal to be weighted properly

at the input of the final summing amplifier.

The bucking

voltage, VB, was found to be limited to the range (9.16

<

VB 2 11.07 volts).
1.

Circuit Description

The circuit (Fig. 4.) was designed to perform the calculation given in Equation 5.

V was the amplified voltage

on the output of the bridge amplifier and corresponded to
pressure.

With this amplifier set at a gain of 200, the

maximum pressure produced a 12 volt signal, which was the
maximum output of the amplifier.

This amplifier is the

best device in the circuit, and it is hoped that its full
capabilities can be utilized.
Equation 4 involved the addition of four terms.
summation was performed by an operational amplifier

The
~A741.

In this configuration, the amplifier inverts the result so
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the four input
The

volt~ge

volt~ges are VB, R1 V, (R 2V) 2 /10, and Vw.

VB, constant for a . given expansion, was taken

from a Systems Research corporation power supply model
3564.

It was chosen because of low cost, good stability,

and high line isolation.

The next two terms in the sum are

generated by applying the pressure voltage V to two resistor-pot divider circuits.

The first simply takes the

fraction, R of V, and applies it to the summing amplifier.
1
The upper leg of the circuit takes the fraction R 2 of V
and feeds it into a squaring amplifier, divides the result
by ten, and transmits this to the summing amplifier.

This

"squaring" task was done by Motorola MC 1495 multiplier
2
used in the (input) /10 configuration suggested by the
manufacturer.

The two

~A741

operational amplifiers on the

arms of the R and R pots eliminate interaction between
2
1
the two circuits when the pots are set during circuit
adjustment.

R and R2 are set by ten-turn pots which give
1

the needed mechanical resolution, one part per thousand,
for proper setting of these coefficients.

The final term

in the sum, V , carries the wall temperature information
w
and is generated by the lower part of the circuit.

vw

represents the wall temperature minus its initial value.
To generate V , the output from the wall temperature sensor
w
t

w

is buffered and then added to a constant voltage t

0

.

The summing amplifier is set to a gain of 15.15 so that the
output, Vw, will be in units of 1.515 volts per °C.
is adjusted so that the initial value of Vw is zero.

t

0

Care
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was taken to set the gain of this amplifier to 15.15.

The

gain was set with high precision film resistors hand-picked
to give the correct . gain.

Pots or other components exhibit-

ing noise, drift, or temperature instability on the order
of 100 parts per million were not used here.

This technique

for using a transistor as a temperature sensor was based on
5

the article by Pease .

Since the transistor thermometer

has a high output impedance, due to filtering, a

~A741

operational amplifier was used in a buffer configuration to
reduce

loadi~g

of the thermometer output.

The four signals VB, R1 V,
as inputs to a

~A741

2
(R, V) /10, and Vw were used
2

operational amplifier.

Here the

addition was performed and the result was inverted;

(Equation

5) this then gave Tg - Tw, the control signal needed for
dry adiabatic expansions, in units of 1.515 volts per °C.
All of the 2000 ohm resistors on this amplifier were
matched to +0.5 ohms to avoid signal-weighting error
problems.

This control signal was then amplified and sent

to the step motor on the expansion mechanism.
2.

Circuit Use and Adjustment

Before an expansion was begun, the chamber was allowed
to come to thermal equilibrium.

The gas and walls were

initially at the same temperature, T

0

•

The initial pressure

P

was measured with a different pressure transducer refera
enced to the dead-weight pressure standard. The second
dead-weight pressure standard was used to calibrate the
pressure transducer.

The initial pressure signal,
V0 , was
.
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measured.

The adiabatic index, y, was determined for the

sample gas contained in the chamber.
V0

,

These data (T , P ,
0

0

and y) were used as inputs to a computer program which

calculates VB, R1 , and R2 using Equations 3 and 4 and the
pressure transducer calibration data.
It was now necessary to adjust the circuit for these
particular values of VB, R1 , and R2 . The Systems Research
Corporation power supply marked VB served two functions:
as a reference for setting the multipliers R1 and R2 and
then as a source for supplying the bucking voltage, VB.
R and R2 were adjusted to the values shown on the computer
1
readout. The switch s 1 was set to its down position causing
the power supply output voltage to appear at point 4.

The

voltmeter rotary switch was set to point 4 to display this
voltage.

The power supply was adjusted to give (10 R2 ) volts
at point 5. Now the voltmeter switch was set to point 4

and the power supply was adjusted to output VB volts.
switch

s1

Then

was set to its up position applying the voltage

VB to the summing amplifier and V to the multiplier circuits.
Finally, the adjustment on the wall temperature part of the
circuit was made.

The voltmeter switch was set to point 2.

Then the voltage, t 0
point 2.

,

was adjusted to give zero voltage at

A quick check was made to see that the voltage at

point 7 read zero, i.e., Tg = Tw initially.

With this, the

circuit was adjusted and ready for the expansion.
The above control circuit was found to be accurate to
+0.1%.

The squaring circuit was found to be inaccurate
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when its input fell below 1 volt.

For this reason, the

bucking vol t~ge was combined with the pressure signal, V,
after the squaring circuit in Figure 4 ·rather than
directly at the bridge amplifier output.

With the circuit

in the above arrangement, the squaring voltage input stayed
in the accurate regime; and the squaring circuit operated
with 0.5% accuracy.

Since the quadratic term contributed

at most only 10% of the total signal, this error was only
0.05% of the total, which was acceptable.

The remainder

of the error was on the order of 0.05% and was due to gain
non-linearity and mismatch of summing amplifier resistors.
E.

Inner Wall Temperature Measurement
The most experimentally difficult part of this project

was measuring the temperature at the inner wall of the
chamber.

Heat transfer was the most important consideration

and this problem was almost insurmountable.

The problem

was to measure the inner walls' temperature to within 0.001°C
within the 19°C to 25°C temperature limits.

This degree

of accuracy was required to give a reasonable adiabatic
expansion.

The resolution desired was at least an order of

magnitude beyond any work done in the field and required
state of the art design and absolute understanding of the
heat transfer problems that would cause the greatest errors.
A Hewlett Packard model 2801A quartz thermometer was
used as a reference for this work.

This thermometer could

not be used as the sensor of the wall temperature because
of its long time constant, 10 seconds, and because of the
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physical size of its temperature probe.

The absolute

accuracy of this unit is :!:_.02°C, but relative changes in
temperature were the important factor

and this unit would

perform this task well.
The usual devices employed by researchers in the field
were thermocouples and thermistors..

However, after much

research and experimentation, the conclusions reached were
that the thermocouples had to be filtered so much that their
response time was also 10 seconds while the thermisters
were too nonlinear.

An additional problem was that the

sensors could not be mounted on the inner wall because of
condensation.

Therefore, neither of these devices were

suitable for wall measureable.
silicon diode as a temperature

The

n~xt

~nsor

step was to use a

being driven by a con-

stant current source and then amplify any voltage due to
temperature change.

This device did not give the desired

resolution and Wls abandoned.

An article by Robert A.

.
Pease S appeare d.1n an 1ssue
o f l nstruments an dC ontro 1

Systems Magazine which discussed this problem.

One of the

suggested circuits was tested and modified for use in the
measurement of temperature of the chamber's inner walls.
The changes included removing a Zener diode and adding two
modified system research power supplies that could be
varied.

These changes in Mr. Pease's circuit gave the

versatility and stability required to obtain the 0.001°C
accuracy and resolution for the inner wall sensor.

The
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battery of temperature tests proved positive and the wall
sensor chosen was a transistor 2N2712.
was chosen because of its linear . gain
ature.

This transistor
cha~ge

due to temper-

The key to success for this part of the problem was

the use of this transistor in the feedback loop of a differential amplifier.

Unlike the diode sensor, this transistor

contributed a . gain to the temperature measurement approximately two orders of magnitude better than the diode.
Mounting this transistor temperature sensor was the
next problem.

If mounted on the inner wall the preliminary

thermodynamic experiments would be acceptable, but the later
experiments involving condensation would cause great errors,
which could not be known or calculated out, due to vapor
condensation on the transistor.

Therefore, the sensor was

imbedded in the inner wall by drilling from behind to within
0.2 millimeters of Hg of the inner surface.

Silicon . grease

was used to insure good surface contact.
Mounting the sensor was only the beginning of the
problem.

There remained the problem of getting the signal

out to the electronics associated with the sensor.

These

wires also carried heat from outside to the sensor and
away.

If the inner wall and sensor were at the same temper-

ature as the electronics, everything was within specifications, but when, as was to be done during an expansion, the
inner walls were cooled by the thermoelectrics, the temperature difference between sensor and electronics became
significant and destroyed the usefulness of the device.
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After many trials it was decided to decrease the diameter
of wire, just at the sensor, and have the wire make
contact for one-inch with the inner wall before the wire
would. go to the electronics located outside the chamber.
This method of mounting and
temperature

measuri~g

wiri~g

device.

made an acceptable

The temperature was now being

measured within 0.2 millimeters of the inner surface.

It

was now necessary to devise a compensation for this distance
measurement.

It was found that the current in the thermo-

electrics gave a one-to-one correspondence between inner
wall and the location of the sensor.

Therefore, a voltage

corresponding to the thermoelectric current could be added
to compensate for this location error.

These tests were

performed by mounting a thermocouple, as well as another
transistor sensor on the inside of the chamber directly in
line with the sensor imbedded in the wall and monitoring
the difference.

The instrumentation used was:

thermo-

couple's were monitored with a Keithley model 149 millimicrovoltmeter, the transistor with the Fluke model 8300A,
between them and the imbedded sensor versus thermoelectric
current.

Thus, the current would be known and could be

monitored at any time during an experiment.

The slope of

the correction factor was approximately 0.5 millidegrees
Kelvin per milliamp of current through the thermoelectrics.
1.

Transistor-Temperature-Sensor's Time Constant
Adjustment

Since thermal time constants depend on the medium in
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which the sensor is placed, the transistor sensor had to
be mounted before an accurate time constant could be experimentally found.

The time constant of the transistor ther-

mometer was increased electronically by filtering.

Filter-

ing was required because the output was to be visually
monitored by a digital voltmeter and because a digital
computer was eventually to be used in the system.

The

time constant measured in air was 100 seconds and was 5
seconds when measured in water.

When the transistor temper-

ature sensor was imbedded in the inner chamber wall the time
constant was 5.65 seconds.

The time constant was found by

over-pressurizing the chamber and then quickly using a
solenoid valve to open the chamber to the atmosphere.

The

time constant was found by monitoring a 0.0005 inch diameter
chromel-aluminel thermocouple mounted in the center of the
chamber, as well as, the previously discussed pressure to
temperature analog conversion circuit.

The thermocouple

was referenced to an aluminum block, which would be constant as far as the experiment is concerned, amplified by
a Keithley model 149 millimicrovoltrneter, and displayed
on a Honeywell model 1012 light beam oscillograph.

The

output of the pressure-to-temperature conversion circuit
was also displayed on the oscillograph.

The expansion was

performed and all three traces were displayed, and later
compared.

The third trace was the output of the transistor

sensor imbedded in the inner wall.

The time constant was
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varied by using a conventional lead circuit with a

~A741

operational amplifier as input-output buffer isolators.
The time constant was decreased to an acceptable 0.5
seconds with the circuit (Fig. 5).

The values were

chosen to minimize noise and to give the desired 0.5
second time constant.

The problem created by improving

the time constant and thereby the response time was that
the same order of magnitude of noise would be injected
into the circuit.

This problem was shown not to be

undesirable as brought out in later work, i.e., when
an expansion was performed using the closed-loop system.
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v.l
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Fig. 5.

Lead Compensator for Transistor Thermometer.
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III.

OVERALL SYSTEM DESCRIPTION

The system thus far discussed was put into operation
in a preliminary test.

The close·d-loop contained the

pressure transducer and its conditioning, power supply and
amplifier, the transistor temperature sensor and its
associated electronics, the pressure-to-temperature analog
conversion circuit, the voltage-to-frequency converter,
the translator and its power supply, the step motor, and
the expansion mechanism.

In order to close the feedback

loop the chamber was sealed, and the feedback pressure
loop was complete.

The Honeywell oscillograph monitored

four thermocouples, one in the mid gas, one on the wall, one
on a port window, and one above that port for convection
observations.

The recorder also monitored the output of

the pressure transducer, the transistor temperature sensor,
and the output of the pressure-to-temperature analog conversion circuit.

Thus, seven traces appeared on the light

beam recorder, all of which had to te accurately calibrated.
The calibration of the thermocouples consisted of shorting
the input of each of the four Keithley millimicrovoltmeters and mechanically zeroing each trace.
microvolt,

~v,

Then a 48

calibration voltage was placed on the input

of each of the Keithleys.

The output of a Keithley is

+10 volts full scale, which in this case is

+lOO~v.

In

turn, each trace was set for six inches by adjusting the
gain of the . galvanometers driving amplifiers, which were
built for this

~oject

and utilize a Philbrick model 4251
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instrumentation amplifier as the heart of the galvo-driving
amplifiers.
8~v

Each galvanometer would have a sensitivity of

per inch which related to temperature through the

chromel-aluminel thermocouples as 0.2°C per inch because
the thermocouples exhibited a sensitivity of 40~v per °C.
The resolution at the system was O.OOS°C as one inch
of the recorder was divided into 10 lines and each of those
lines could easily be divided in quarters.
The trace on the paper was .01 inches wide and somewhat
limited narrower readings.

The calibration of the galvan-

ometers presented would not suffice because of the stated
specification that a galvanometer will be
during an 8-inch swing.

~2%

nonlinear

Therefore, a more intense cali-

bration was necessary, one that related the individual nonlinear curves of each galvanometer.

The calibration was

accomplished by applying ten different voltage values to
the input of the Keithley.

This procedure took into

account the whole system, not just the galvanometer.

The

calibration curves had to be combined with the readings
taken during an expansion to compensate for the non-linearities and make one galvanometer compatible with other
galvanometers.

The difference readings were even more

important than the absolute values because one of the
difference readings would be the gas-versus-wall temperature which is the main objective of the Cloud Simulation
Chamber.
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Calibration of the other three signals; pressure,
pressure-to-temperature, and transistor temperature sensor,
was performed in a similar manner.

The sensitivity on all

seven traces was then the same, 0.2°C per inch.
Expanding the system requires the existence of an
unstable condition.
equilibrium.
jected.

Thus far, the described system was 1n

Therefore, a forcing function had to be in-

The perturbation was a ramped temperature change

which caused cooling at the inner walls. All 844 of the
series connected thermoelectrics approximately 500 ohms of
resistance total, was driven by a pre-programmed ramp power
amplifier.

The rate of cooling was simply the slope of

this ramp.
The system's response to a changing wall temperature
in this case cooling, was as follows:

the gas wall inter-

face experienced a slight temperature difference and the
gas started to transfer heat to the cooling inner wall.
If this slight transfer of heat was allowed to continue,
it would destroy the adiabatic expansion.

The method used

to halt this transfer was to decrease the temperature of
the gas which is the function at the expansion mechanism.
The change in pressure was sensed by the pressure transducer, and through the pressure-to-temperature conversion
circuit was presented as a change in temperature of the
gas.

This change was then compared with the transistor

temperature wall sensor and this difference was converted
to a pressure change by the motor and expansion system.
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thereby expanding, i.e., decreasing the pressure of the gas
in the chamber and therefore, the temperature was brought
to the new temperature

oc

the wall and no heat transfer

occurred, . i.e ,., · and adiabatic ex-pans ion.
When the first expansion occurred the system did not
keep the gas and wall temperature close enough, i.e., not
to within a few millidegrees Kelvin.

This phenomena was

recorded by the lightbeam oscillograph.

If the basic idea

of the Cloud Simulation Chamber was correct, then the problem
had to be the system's overall gain; the sensitivity of
gas-wall heat exchange interface was not high enough.
facilitated the need for a system gain check.

This

The next

step was to decide what type of compensation would be
required to make the system perform within preliminary
specifications.
A.

System Analysis and Compensation Design
Non-linear elements in the system make a straight-

forward mathematical analysis extremely difficult.

There-

fore, it would be reasonable to combine an emperical and
theoretical approach in solving the compensation design
problem.
The data gathered indicated a gain of 200 which would
make the temperature difference between the gas and wall
only a few millidegrees Kelvin.

This would satisfy the

requirements of the problem except for the fact that the
physical conditions of the motor-load inertia were not
taken into account.
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The motor has a torque limit which cannot be exceeded
or the motor will stall.

To limit the speed of the motor

diode clamps should be placed on the input of the voltagecontrolled oscillator.

If the input is clamped to

~1.6

volts, this will limit the motor to a range where its
torque will be less than 55 ounce-inches, i.e., the actual
measured torque of the system which the motor will drive.
If the motor locks up even with the diodes in circuit,
a filter may be required.

The filter should be a conven-

tional low-pass resistor-capacitor filter with a large
time constant. A hrge time constant, i.e., RC=O.l seconds
is necessary because the maximum rate of the motor is about
9 revolutions per second.
If an operational amplifier is used in conjunction
with a lead-lag circuit, the open-loop gain will decrease
the

&eady-state error.
The decrease in steady-state error will allow the

expansion to start at a gas-wall difference of almost zero
degrees Kelvin.

One additional capacitor will give a lag

at a high frequency and may be used to increase the filters
roll-off to 40 dB per decade.
If the compensation circuit contains a capacitor in
the feedback and one in the input circuitry, then the ratio,
capacitor feedback/capacitor input, should be equal to the
gain between the break points of the compensator, i.e., 200.
The first evaluation-experiment was to determine the
maximum closed-loop gain for which the system was stable.
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This assumption implied that the controller could oscillate,
which at this point it could not because the expansion
mechanism only performed a unidirectional expansion.

A

negative voltage was available from the last summing
amplifier so an absolute value circuit was added so that
positive pulses would always be applied to the voltage
controlled oscillator.

The logic gates would handle the

direction controlling logic on the input of the translator.
The error signal when positive resulted in a counter-clockwise rotation of the motor, i.e., expansion.

The error

signal when negative, resulted in a clock-wise rotation,
i.e., compression.
Both magnitudes would effectively run the system at
the same rate as before, but now the direction of the
system's fluctuationwould depend on the polarity of the
signal.
The system could now exhibit oscillations.
tional amplifier,

~A741

An opera-

in the normal non-inverting varia-

ble gain configuration, was connected between the error
signal and the voltage controlled oscillator.

The procedure

of gain-factor compensation simply amplified the signal
error.
The system had to be set up, as described previously,
for a normal expansion.

After the expansion began, the

system locked up, the motor froze
to the amplified signal.

and would not respond

Considering this problem, it

was apparent that the addition of the amplifier not only
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intensified the useful low frequency part of the error
signal, but also the mgher frequencies which were not useful because the motor has a maximum frequency torque
relationship whose limitations were being exhibited.

To

eliminate the high frequency part of the error signal, a
low-pass, resistor-capacitor, filter was inserted in the
circuit after the error amplifier.

The motor no longer

exhibited this lock-up phenomen.
Because the filter could have been frequency limiting
some of the low frequency signal, the resistor in the
filter, was decreased in value until a point was reached
whereby the system would not lock up.

This was the point

where the filter gave the minimum undesirable, non-attenuating error signal, and maximum desirable effect, attenuating high frequencies.

The resistor had a value of

90 ohms, and the capacitor was 800 microfarads.

The 3dB

downpoint, half power which was at w-=13. 9 radians per
second and should have been out of the nominal operating
range

~

the system.

The gain of the amplifier could now

be adjusted to give differing gains.

By repeated experi-

ments, the maximum value of pure gain the system could
handle without oscillation was found to be 200.

The

oscillations consisted, as expected, of a hunting mode for
the motor and fluctuations, in and out, of the piston
simulating the approximate sine wave oscillations experienced
at the input of the voltage-to-frequency converter.
compensator's gain was

~

If the

200, the system had a positive
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gain of> 1 and this would cause system instability, 1.e.,
oscillations.
A gain value of 200 would mean that the errors experienced during the first thermodynamic expansion would be
reduced to 1/200.

This sensitivity increase seemed

acceptable but if gas-wall differences were smaller than
the 1/200 value, say 1/2000, this would make the maximum
difference at the end of the expansion even less.

Also

experiments containing forcing functions of a ramp with a
plateau are scheduled in the preliminary thermodynamic
tests.

A high steady-state gain would make the errors

significantly less.

These plateaus would be considered

almost absolute if the gain was high enough so that the
only errors would be due to the limitations of the electronics.
In order to achieve the low steady-state error, the
gain must be made dependent upon frequency which the error
signal represents.

This was accomplished by placing a

compensator in the loop of the system.

The compensator

would utilize the open-loop gain of an operational amplifier at w = 0 radians per second, steady state, and decrease
this gain such that the gain of this circuit would never
be less than 200 over the normal operating range of the
system.

When the frequency of the error signal was increased

beyond this usual range, i.e., the region where the motor
would lock up due to its torque limitations at high frequencies, the compensator would again become dependent on
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frequency and adjust the gain such that a closed-loop gain
of zero dB occurred just before a phase shift of zero degrees.
This last statement insures that no oscillations will occur
in the system.
A high amplifier's ga1n can be realized at steadystate, w = 0 radians per second, if an operational amplifier
is used in an open-loop configuration, gain> 100,000.
During normal operating frequency, a gain of 200 is
desired, otherwise, the motor will lock up because the
high frequencies are also being amplified more than 200.
This problem can be solved by the use of an additional
integrator in the loop, which increases the gain, at de,
to the open-loop gain of the operational amplifier.

How-

ever, an additional integrator adds to the phase shift
and, hence, causes stability problems.

To design a low

frequency integrator without the phase shift, a lag-lead
compensation network can be used.

The transfer function

of the network is shown in the equation below:
s+a
H(s) = K s

(6)

Therefore, the network has a pole at s=O and a zero at
the frequency s= -a.

The compensation network causes a

phase shift which is noticed at the low frequencies.

A

possible circuit network (Fig. 6) having a transfer function
as shown below:
H(s)

(7)

41

cs

R
R

V.

1

Fig. 6.

Low Frequency Integrating Lag-Lead Compensator.

v0
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If at the same time the maximum operating range could be
extended, the system would be able to respond to a slightly
higher frequency and have the 200 gain over a wider frequency range.

These three objectives can be accomplished

by using the compensator appearing in an article by Accardi 8
(Fig. 7) with a transfer function as shown below:
H(s)

= -

vo

~

(8)

1

Figure 6 could be called a lag-lead-lag compensator.
The compensator's component values were derived from
Equation 8, and open-loop frequency response experiments
which located the major pole at w = 7.5 radians per second.
The next step was to optimize this system.
First the pure gain amplifier was replaced with a
circuit configuration (Fig. 7).
Secondly, in the optimizing procedure, the key point
was to move the first breakpoint as much as possible to the
right, i.e., higher frequency.

As this was done all

frequencies to the left of the first breakpoint would be
amplified by more than a gain of 200 and thereby increase
the amplified error signal at that frequency, and decrease
the difference between the gas-wall interface.

A continual

maximizing of the capacitor ratio was required because
this minimum gain of 200 was necessary to give the minimum
requirement of a few millidegrees Kelvin between the wallgas temperature interface.

Tre

~ocedural

limitations of

the ratio maximizing of the capacitors was determined by
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Fig. 7. The Lag-Lead-Lag Compensator
Circuit Showing Final Component Values.
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bringing the ratio up to a point where the system begins
to oscillate and then backing the ratio down slightly.
Oscillations occurred because the phase shift was 0° and
the loop-gain was zero dB.

The result of adding the com-

pensation circuit was a drastic increase in the steadystate gain and a slight increase in the dynamic range of
the system.

The increase in dynamic range could be signifi-

cant later as the rate of change of the forcing function,
i.e., expansion rate increased.

Immediately though, the

effects of high gain at steady-state were noted:

a de-

crease from 3 millivolts error to approximately 0.3
millivolts was measured at the output of the circuit
(Fig. 4) where the temperature-to-voltage relationship 1s
1.5 millivolts per millidegree Kelvin, and therefore the
error was reduced from 2.0 to 0.2 millidegrees Kelvin.
B.

Thermodynamic Expansion
The system (Fig. 8) was complete in that it now contained

the compensator (Fig. 7).

The system was set up for an

expansion as before and some voltage measurements were
taken around the circuit to determine the steady-s~ate
system errors.

The gas-wall interface had a voltage-

related temperature error of 0.2 millidegrees Kelvin; this
was an order of magnitude better than before.

The high

gain of the closed-loop system was exhibited by the dithering of the step motor with an oscillating voltage related
temperature error of approximately

~0.1

millidegrees Kelvin.
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This error may have been due to the slight flexing of the
shaft which connects the motor to the expansion mechanism.
During the operation of the 300 second expansion, the
system's indicators all gave positive results.

After the

1.5°C expansion and all the data reduction, the maximum
voltage related temperature error between gas and wall
voltage related temperatures was 2.0 millidegrees Kelvin.
The system thus seemed to meet the previously set requirements.
The one question yet unanswered was whether or not
the compensator covered the entire range of the system with
a gain of 200.

A Bode plot was run on the system by in-

jecting a signal into the voltage-to-frequency converter
and then observing
ature circuit.

the output of the pressure-to-temper-

The light beam oscillograph was used to

monitor both signals.
A phase shift of -90° was present from an w of zero
to 0.1 radians per second.

The immediate phase shift of

-90° was due to the velocity-to-position lag, i.e., the
change

~

the input.

the rutput was a function of the magnitude of
Also a dominant pole due to the inertia of

the motor load existed, which limited the frequency response
of the system and therefore, the rate of expansion.
w

= 0.3 radians per second, there was a slight increase

in phase shift.
the

w

At

=

The phase shift became more evident as

frequency of the input signal was increased.

At

7.5 radians per second, the phase shift was -135°
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which meant that the major pole of the system was reached.
7
The transfer function of the motor and expansion
system relating speed to the input voltage is written as:
S(s)
"'fiT-s"'\'"
VlSJ

where:

=

K

1 +

(9)
!?___

w
K is the gain constant in steps per second/volt.

The major pole, w

= 7.5 radians per second, is attri-

buted to the torque limits of the motor with the expansion
mechanism as it's load.

The limit indicates that the

motor has a half-power response at w = 7.5 radians per
second, i.e., a frequency response of 1.2 Hz.

The compen-

sator's gain at 1.2 Hz is 185; therefore, the system is
extremely close to being optimized.

After careful exam-

ination of the bode plots of the system's open-loop transfer function and the open-loop compensator, it is evident
that the system will meet the minimum required gain of 200
if the error-voltage frequency is kept below w
radians per second, i.e., 0.4 Hz.

=

2.5

This can be accomplished

if the expansion rate never exceeds 4.0 millidegrees Kelvin
per second.

If the rate exceeds 4.0 millidegrees Kelvin

per second, then the gas-wall interface error will increase
as the expansion progresses, and a point will be reached
where the experiment will be terminated by convection
currents.

The currents will be created by the great differ-

ences between the wall and gas temperatures.

Rates in the

order of 2.5 millidegrees Kelvin per second are now being
run.
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As mentioned previously, a gain of 200 will allow a
maximum voltage related temperature error of 2.0 millidegrees Kelvin gas-wall interface and this dictates a maximum rate of 4.0 millidegrees Kelvin per second of the
expansion rate.

If however, the temperature could be ex-

tended to 10%, i.e., 2.2 millidegrees Kelvin, which should
not make a significant difference, then the gain, in consideration of maximum frequency response, would be 185,
i.e., 200-10%.

The decrease in gain would allow a signifi-

cant increase in the allowable expansion rate.
frequency limit would be w

=

The new

3.5 radians per second, i.e.,

a rate of 5.6 millidegrees Kelvin per second and a 1.5°C
expansion could be performed in 268 seconds.

These indi-

vidual calculations point out the trade-off trend of the
system.

If gas-wall interface temperature is allowed to

increase, the rate of the maximum rate-of-expansion of the
chamber can also be increased thereby increasing the range
of the systems capabilities.

This trade-off was intuitively

obvious at the beginning of the design, but numbers could
not be affixed nor limits set until these tests and calculations were performed.
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IV.

SUMMARY

The analog control system described in this thesis is
presently in use, and operating satisfactorily.

It has

provided the Cloud Simulation Chamber with a closed-loopsystem control which keeps the wall-gas interface heat
transfer at an acceptable level and thereby makes possible
meaningful experiments.

Since the analog control system

has been added to the Cloud Simulation Chamber, numerous
thermodynamic

experiments have been run and previous

errors have been reduced.
Although ruring the development of the analog control
system more obstacles to design were encountered than
anticipated, the
specifications.

~stem

presently meets all the required

so
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